Background: Quantitative measurements to help detect incipient or latent lymphedema
Conclusions:
The findings indicate that LTW of at-risk arms is not affected by breast cancer and that lymphedema does not significantly affect LTW of contralateral arms as measured with the TDC method. Further, based on the standard deviation of measured arm ratios, an at-risk/contralateral TDC ratio of 1.26 is suggested as a possible threshold for detecting pre-clinical or latent lymphedema.
Abbreviated Abstract
The tissue dielectric constant (TDC) method was used to compare arm-to-arm differences in local tissue water (LTW) within and among three groups of 30 women; healthy normal (HN), recently diagnosed with breast cancer (BC) and unilateral lymphedema (LE) . TDC values and arm ratios were insignificantly different within and between HN and BC with a dominant/non-dominant ratio of 1.006±0.085 compared to 1.583±0.292 for LE. Results indicate that LTW of at-risk arms is unaffected by breast cancer and that lymphedema doesn't affect contralateral arm LTW. Results suggest that an at-risk/contralateral TDC ratio of 1.26 as a possible threshold for detecting pre-clinical lymphedema.
INTRODUCTION
Quantitative measurements of arm parameters to aid in the detection of incipient or latent lymphedema in patients at risk for breast cancer treatment related lymphedema (BCRL) are potentially useful supplements to standard clinical assessments. Suitable measurements for routine use include arm volumes [1] [2] [3] [4] , arm bioimpedance 5, 6 and local tissue water determined by measuring the tissue dielectric constant [7] [8] [9] [10] at various sites and tissue depths [11] [12] [13] . Because BCRL initially develops in skin and subcutis 14 
METHODS

Subjects
A total of 90 women, 30 healthy normal controls (HC) , 30 recently diagnosed with breast cancer but prior to surgery (BC) and 30 with unilateral BCRL (LE) were evaluated after signing a University Institutional Review Board approved informed consent. Entry requirements for the BC group were that they had recently (within one month) been diagnosed with breast cancer and were awaiting surgery. These patients were referred by their surgeon for a pre-surgery evaluation. Entry requirements for the LE group were that they had unilateral lymphedema and had been physician referred for lymphedema therapy. Entry requirements for the HC group were that they had not had any previous surgery or serious trauma to either arm and were in self-reported good health. Pertinent features of the three groups are summarized in table 1.
TDC Measurement Device
The device used in this study to measure the tissue dielectric constant was the MoistureMeter-D (Delfin Technologies Ltd, Kuopio Finland www.delfintech.com). It consists of a cylindrical probe connected to a control unit that displays the tissue dielectric constant when the probe is placed in contact with the skin. The physics and principle of operation has been well described [7] [8] [9] 25, 26 . In brief, a 300 MHz signal is generated within the control unit and is transmitted to the tissue via the probe that is contact with the skin. The probe itself acts as an open-ended coaxial transmission line 7, 25 . The portion of the incident electromagnetic wave that is reflected depends on the dielectric constant of the tissue, which itself depends on the amount of free and bound water in the tissue volume through which the wave passes. Reflected wave information is processed within a control unit and the relative dielectric constant is displayed. For reference, pure water has a value of about 78.5 and the display scale range is 1 to 80.
The effective measurement depth depends on the probe dimensions, with larger spacing between inner and outer conductors corresponding to greater penetration depths.
Previous work 22 , in which various probes were used to assess TDC values to measurement depths of 0.5, 1.5, 2.5 and 5.0 mm showed a sharp decrease in TDC values between 1.5 and 2.5 mm but little difference between values obtained at 2.5 and 5.0 mm measurement depths. Thus in this study only the 2.5 mm probe was used that has an outside diameter of 23 mm and inner-to-outer conductor spacing of 5 mm.
TDC Measurement Procedure
TDC measurements were started after a subject was lying supine for 10 minutes on a padded examination table with arms at her side with hands positioned palm up to expose the anterior surface of both forearms. A standardized measurement site, along the forearm midline located 6 cm distal to the antecubital fossia was marked with a dot to serve as a reference center point for probe placement. A single measurement was obtained by placing the probe in contact with the skin of one arm and held in position using gentle pressure. After about 10 seconds an audible signal indicated completion of the measurement. The probe was then used to make a measurement on the other arm to complete a measurement pair. This process was continued to obtain triplicate measurement pairs. Alternating between arm sides was used as a way to help obtain paired values as close in time as possible. Fore each arm the three measurements were averaged and used to characterize the arm site average TDC value.
Segmental and Arm Volumes
After the TDC measurements, circumferences of the arm at the reference center point and at 2 cm proximal and 2 cm distal were measured using a calibrated Gulick- 
Data Reduction and Analysis
Mean values ± SD and parameter ratios between paired arms for each parameter (TDC, segmental volume and whole arm volume) were determined. For the BC and LE groups initial comparisons were based on the at-risk and contralateral arms with the ratio of at-risk/contralateral arms used. For the HN group comparisons were based on the dominant and non-dominant arms with the dominant/non-dominant ratio used..
Overall differences among the three groups was initially tested for using a general linear model (GLM) for repeated measures with arm as the within factor. Differences between arm sides was subsequently tested for using paired t-tests. Differences in ratios among groups was tested for using a one way analysis of variance. In all cases a p-value <0.05 was taken as significant. Tests for correlations among parameters was done using
Pearson coefficients. All statistical analyses were done using SPSS (SPSS Inc., 233 S.
Wacker Drive, 11th floor, Chicago, IL 60606-6307 www.spss.com version 12.0)
RESULTS
Segmental and Arm Volumes
Arm and segmental volumes did not significantly differ between arm sides for either the NH or BC groups nor did volumes or arm ratios differ between these groups as summarized in 0.997).
Correlation Among Parameter Ratios
As might have been anticipated there was a strong positive correlation between total arm and segment volume ratios (p<0.001, r=0.901). In addition, a significant positive correlation was found between arm TDC ratios vs. arm volume ratios (p<0.001, r=0.690) and segmental volume ratios (p<0.001, r=0.770). Figure 1 illustrates the relationship between TDC ratios (TDCr) vs. segmental volume ratios (Vr) for the BC and LE groups, that were nearly matched with respect to both age and BMI (table 1) . The regression line for these data (N=60) is given by TDCr = 0.956Vr + 0.142, p<0.001, r=0.752.
DISCUSSION
Measuring local tissue water based on the tissue dielectric constant [11] [12] [13] 22 represents a new, potentially adjunctive approach toward better characterizing lymphedema and potentially an earlier detection of latent or incipient lymphedema. The TDC method differs from limb volume [1] [2] [3] [4] 29 and bioimpedance methods 5, 6, 21, 24 in that with a 2.5 mm measurement depth as used in the present study, it only interrogates skin and subcutaneous tissue compartments in which some of the earliest changes are likely to occur 14, 30 . Because it is a local measurement it can be used at virtually any anatomical site that may be at-risk for lymphedema development. Although the principles and biophysical basis of this measurement method have been well described 7-10,25,26 it has not been widely used as a lymphedema assessment or investigative tool probably in part due to an insufficient characterization of patterns of differentials among patients.
Although differences in tissue water between frankly lymphedematous and contralateral non-affected limbs are known to be present 22, 31 Because the at-risk arm may be the dominant or the non-dominant arm (table 1) it is useful to also characterize the dominant/non-dominant TDC ratio with as large a data set as available. Since analysis indicated no difference between HN (dominant/nondominant) and BC (at-risk/contralateral) group volumes or TDC ratios, these groups could be reliably combined (N=60) to determine a combined dominant/non-dominant TDC ratio. Results showed an overall TDC ratio of 1.006±0.085 which was insignificantly affected by BMI or age. This ratio may be compared to whole arm ratios obtained for a group of 60 control subjects using bioimpedance 24 where a dominant to non-dominant ratio of 0.964 ± 0.034 was obtained and for a control group of 32 subjects in which the dominant to non-dominant ratio was determined to be 1.024 17 . It should be noted that with impedance measurements higher values of arm water yield lower impedance values so a ratio of less than one indicates a slightly higher water in dominant arms.
Impedance values have been used in an effort to help detect sub-clinical or latent lymphedema following breast cancer treatment based on standard deviations of arm ratios measured in control subjects 19 . An approach adopted was to define a threshold at which the arm impedance ratio exceeded a pre-surgical value by three standard deviations of that obtained on the group of 60 control subjects13 contralateral arm ratio greater than 0.102 of the pre-surgical value was used to define lymphedema presence 6, 24 . Applying the same conservative criteria to the present TDC data based on the 60 dominant to non-dominant TDC ratios indicates a threshold 3SD value of 0.225. It should be noted that it has been reported 17 that the bioimpedance threshold ratio may need to take into account the handiness of the patient who is at-risk because of the dominant to non-dominant bias of the control group data. However, a similar adjustment is apparently not needed with the TDC ratio as the dominant/nondominant ratio differs insignificantly from unity. Thus based on the present findings a TDC ratio between at-risk and contralateral arms that exceeds 1.26 may indicate the presence of preclinical latent lymphedema. It should be emphasized that this TDC threshold has not as yet been prospectively substantiated and is the target of current research efforts. 
